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Abstract
We study the D+ → σπ+, D+ → ρ0π+, B− → σπ−, B− → ρ0π− and B¯0 → ρ±π∓ decays in
a valence quark triangle model, incorporating chiral symmetries. We find a good agreement
with recent experimental data for D+ → σπ+ and for D+ → ρ0π+. We point out that a
long-distance contribution due to the axial vector a1 meson pole, calculated by using chiral
symmetry, can be relevant to explain D+ → ρ0π+ and for lowering the ratio
R = B
(
B¯0 → ρ±π∓)
B (B− → ρ0π−)
to be consistent with its phenomenological determination, within the large experimental
uncertainity.
1 Introduction
Recently there has been a revival of interest [1–6] in a broad scalar-isoscalar light ππ
resonance, the σ meson, which has been controversial for a long time. It has appeared in
the Reviews of Particle Physics [7], as a broad resonance under the entry f0 (400− 1200)
or σ. The E791 collaboration measurement of the D+ → 3π rate provides an evidence for
a scalar resonance σ having mass mσ = 478±24 MeV and width Γσ = 324±41 MeV; the σ
is seen as a dominant peak leading to a fit in which 46% of the rate occurs via D+ → σπ+
while 33% of the rate occurs via D+ → ρ0π+ [8]. There has been considerable interest in
explaining these rates [4].
The effective weak Hamiltonian for the above decays can be written as [9]
Heff =
GF√
2
V ∗cdVud
{
a1
(
d¯c
)
V−A (u¯d)V−A + a2
(
d¯d
)
V−A (u¯c)V−A
}
, (1)
where, in the factorization ansatz, a1 = 1.10 ± 0.05 and a2 = −0.49 ± 0.04 fitted with
D-decays [9, 10]. In this ansatz the relevant transition matrix elements are given as[
Aµ = d¯γµγ5c, Vµ = u¯γµc
]
:
〈
σ (k) π+ (q) |H eff|D+ (p)
〉
=
GF√
2
V ∗cdVuda1fpi (−iqµ)
〈
σ (k) |Aµ|D+ (p)
〉
, (2)
〈
ρ (k) π+ (q) |Heff |D+ (p)
〉
=
GF√
2
V ∗cdVud
[
a1fpi (−iqµ)
〈
ρ (k) |Aµ|D+ (p)
〉
+a2
(
− fρ√
2
)
ǫ∗µ
〈
π (q) |Vµ|D+ (p)
〉]
. (3)
The problem thus reduces to evaluating the form factors
ADσµ =
〈
σ (k) |Aµ|D+ (p)
〉
= i
[
G+
(
q2
)
(p+ k)µ +G−
(
q2
)
(p− k)µ
]
= i
[(
m2D −m2σ
q2
)
qµG0
(
q2
)
+
(
(p+ k)µ −
m2D −m2σ
q2
qµ
)
G1
(
q2
)]
, (4)
ADρµ =
〈
ρ0 (k) |Aµ|D+ (p)
〉
= i
[(
ǫ∗µ − qµ
ǫ∗ · q
q2
)
(mρ +mD)A1
(
q2
)−
(
(p+ k)µ −
m2D −m2ρ
q2
qµ
)
ǫ∗ · q A2 (q
2)
mρ +mD
+qµǫ
∗ · q2mρ
q2
A0
(
q2
)]
, (5)
V Dpiµ =
〈
π+ (q) |Vµ|D+ (p)
〉
= F+
(
k2
)
(p+ q)µ + F−
(
k2
)
(p− q)µ . (6)
Thus we obtain:
〈
σ (k)π+ (q) |H eff|D+ (p)
〉
=
GF√
2
V ∗cdVuda1fpi
(
m2D −m2σ
) [
GDσ0
(
m2pi
)]
, (7)
1
〈
ρ (k)π+ (q) |Heff |D+ (p)
〉
=
GF√
2
V ∗cdVuda1fpi (2mρ) (ǫ
∗ · q)
[
ADρ0
(
m2pi
)
−a2
a1
fρ√
2fpimρ
FDpi+
(
m2ρ
)]
. (8)
We evaluate the above form factors GDσ0 and A
Dρ
0 in the model based on the constituent
quark “triangle” graph of Fig. 1. It is in this respect that we differ from the calculation in
Ref. [4]. Moreover, we take into account the “long-distance” contribution coming through
the a+1 -pole shown in Fig. 2, which has not been previously considered. Here, the weak
vertex in the factorization ansatz can be expressed as
〈
a1 |Hw|D+
〉
=
GF√
2
V ∗cdVuda1fa1 (ifDp
µ) , (9)
with fD the leptonic constant of the D meson, while the strong vertices are defined by
〈
σ (k) π+ (q)
∣∣ a1 (p)〉 = i1
2
γa1σpiη · (q − k) , (10)
corresponding to the Lagrangian (σ∂µπ − π∂µσ) · aµ1 . Moreover,〈
ρ (k) π+ (q)
∣∣ a1 (p)〉 = i (m2a1 −m2ρ) η · ǫ∗fa1ρpi, (11)
where we have neglected the D-wave coupling ga1ρpi, for which there is evidence to be
negligible [7]:
D-wave amplitude
S-wave amplitude
= −0.107± 0.016. (12)
The above considerations can be easily extended to B− → ρ0π− and B¯0 → ρ±π∓, where
the a−1 contributes to B
− → ρ0π− and only in a negligible way (being proportional to a2)
to B¯0 → ρ±π∓. In principle, this provides a mechanism to lower the value of the ratio
R = B
(
B¯0 → ρ±π∓)
B (B− → ρ0π−) .
Previous theoretical estimates computed in the simple factorization ansatz of Ref. [9] tend
to give this ratio much larger than its experimental value: (2.65± 1.8) or (2.0± 1.3) deter-
mined, respectively, from the measured indicated branching ratios in [11] and [12]. Recent
efforts to understand the size of this ratio have been published, e.g., in Refs.[5] and [13–16].
2 Form factors and D+ → σπ+ and D+ → ρ0π+ decays
The valence quark contribution shown in Fig. 1 gives
J (σ)µ =
∫
d3K
(2π)3
F (σ)µ , (13)
2
where F
(σ)
µ is the matrix element
F (σ)µ = −igσqq¯
√
md
pd0
v¯i (pd) (I)
j
i
(p/′d +md)
k
j
p′2d −m2d
(γµγ5)
l
k ul (pc)
√
mc
pc0
×
(√
2mD
1√
2
√
3u¯m (pc) (γ5)
n
m vn (pd)φD (K)
)
. (14)
Here, the term within the parenthesis is the bound state wave function of the D-meson,
√
3
being the color factor. We define the kinematical variables K = pc − pd and P = pc + pd,
so that K is the relative momentum and P is the center of mass momentum of the cd¯
system.
The evaluation of the trace implied in Eq. (14) gives:
F (σ)µ = −i4C(K)gσqq¯{(pc · pd +mcmd)p′dµ
−(p′d · pc +mcmd)pdµ + (p′d · pd −m2d)pcµ}
1
p′2d −m2d
, (15)
where
C (K) =
√
2mD
1√
2
√
3
√
mdmc
pd0pc0
1
4mcmd
φD (K) . (16)
Working in the D-meson rest frame (P = 0), where
p′2d −m2d = −
m2D −m2c +m2d
2
(
1− q
2
m2D
)
+
m2D +m
2
c −m2d
2
k2
m2D
+ q ·K , (17)
and noting that, if φD (K) is of Gaussian type, K ≃ 0 dominates in the integration [17],
one obtains [18]
J (σ)µ = 4iC (0) gσqq¯
m2D − (mc −md)2
2m2D
1
m2D −m2c +m2d


1
1− q2
m2
D
− a k2
m2
D


×
{(
m2D − 2md (mc +md)
)
(p+ k)µ −
(
m2D + 2md (mc +md)
)
qµ
}
, (18)
where
a =
m2D +m
2
c −m2d
m2D −m2c +m2d
.
Note that, in the above approximation, 4π
∫
K2 dK φD(K) becomes
∫
d3KφD(K), which
is the Fourier transform of the wave function at the origin, and we write it as φD(0) or
equivalently C(0).
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To eliminate 4C (0), we consider the matrix element
〈0 |Aµ|D (p)〉 = ifDpλ (19)
which, when evaluated in the same valence quark approximation employed for the calcu-
lation of J
(σ)
µ , gives:
fD =
4C(0)
2m2D
(mc +md)
[
m2D − (mc −md)2
]
. (20)
Thus, we finally obtain the valence quark triangle contribution
G+
(
q2
)
= gσqq¯
(
fD
mc +md
)
m2D − 2md (mc +md)
m2D −m2c +m2d
1
1− q2
m2
D
− a k2
m2
D
, (21)
and, for k2 = m2σ, this gives:
GDσ0
(
m2pi
) ≃ G+ (0) = gσqq¯
(
fD
mc +md
)
m2D − 2md (mc +md)
m2D −m2c +m2d
1
1− am2σ
m2
D
. (22)
An exactly similar calculation for the case of the ρ0 in the ρ-dominance approximation
(k2 = 0), so that gρdd¯
fρ√
2m2ρ
= −1
2
, gives:
−iqµJ (ρ)µ ≡ (q · ǫ∗) (2mρ)A0
(
q2
)
= −
√
2m2ρ
2fρ
fD
1 + q
2
m2
D
1− q2
m2
D
q · ǫ∗. (23)
Thus, for q2 ≃ m2pi ≃ 0, on using the KSRF relation fρ =
√
2fpimρ [19], we find:
ADρ0 (0) = −
1
4
(
fD
fpi
)
. (24)
Note that this result is independent of quark masses in contrast to Eq. (22). It is, how-
ever, subject to a suppression factor Fρ (0) due to the off-mass-shellness of the ρ-meson[
Fρ
(
m2ρ
)
= 1
]
. From the ρ-dominance of the pion form factor, the experimental determi-
nation γρpipi
fρ
m2ρ
= 1.22 ± 0.03 indicates Fρ (0) ≃ 0.8 [20]. Accordingly, we rewrite Eq. (24)
as:
ADρ0 (0) = −
1
4
(
fD
fpi
)
Fρ (0) = −1.52fD GeV−1. (25)
To account for the effect of the a2-term in Eq. (8), we use the KSRF relation and the
numerical value [21],
FDpi+
(
m2ρ
) ≃ FDpi+ (0)(
1− m2ρ
m2
D
)(
1− m2ρ
m2
D′
) ≃ 1
4
(1.62)
fD
fpi
, (26)
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with FDpi+ (0) ≃ 0.3 fDfpi ,
mD′
mD
= 1.14, D′ being the radial excitation of the D. Using fD = 0.23
GeV [22], FDpi+ (0) = 0.53, not inconsistent with its other estimates [23]. With −a2/a1 =
0.44, the square bracket on the right-hand side of Eq. (8) has the value
[
ADρ0 (0) + 0.44F
Dpi
+
(
m2ρ
)] ≃ − [Fρ (0)− 0.71] 1
4
fD
fpi
= −0.09× 1
4
fD
fpi
. (27)
This indicates that, in the framework used here, the a2-term of Eq. (1) can give a significant
contribution to the D → ρπ channel.
To obtain the numerical estimate for GDρ0 (0) from Eq. (22), we have to first fix gσqq¯.
The linear σ-model gives [3, 24, 25]:
v = 〈σ〉 = fpi√
2
; g = gσqq = gpiqq; gσpipi = 2λv = 2g
′;
m2σ = 2λv
2; mq = gv = g
fpi√
2
; g′ = 2gmq =
√
2g2fpi . (28)
From these relations one finds:
gσpipi =
√
2m2ρ
fpi
= 2g′ (29)
gσqq = g =
(
g′√
2fpi
)1/2
=
(
gσpipi
2
√
2fpi
)1/2
=
mσ√
2fpi
≃ 2.57 (30)
mq = 240 MeV (31)
Using Eqs. (30) and (31), mD = 1.87 GeV and mc = 1.45 GeV, we obtain
GDσ0 (0) = 3.7fD GeV
−1 (32)
The a1-pole contribution from Fig. 2 gives, on using Eqs. (9-11):
〈
σ (k) π+ (q) |H eff|D+ (p)
〉
=
GF√
2
V ∗cdVuda1 (ifDfa1) pµ
×
[
−gµλ + p
µpλ
m2a1
] −1
m2a1 − p2
i
2
γa1σpi (q − k)µ
= −GF√
2
V ∗cdVuda1fDfa1γa1σpi
p · (q − k)
2m2a1
, (33)
〈
ρ (k) π+ (q) |Heff |D+ (p)
〉
=
GF√
2
V ∗cdVuda1fDfa1ipµ
×
[
−gµλ + p
µpλ
m2a1
] −1
m2a1 − p2
i
(
m2a1 −m2ρ
)
fa1ρpiǫ
∗
λ
= −GF√
2
V ∗cdVuda1fDfa1
(
m2a1 −m2ρ
)
fa1ρpiq · ǫ∗. (34)
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Now p · (q − k) = m2pi −m2σ independent of p2, and the above equations give, in the square
brackets on the right-hand sides of Eqs. (7) and (8), the additional contributions to GDσ0
and ADρ0 , respectively:
GDσa1 = −
fDfa1
fpi
m2pi −m2σ
m2D −m2σ
1
2m2a1
γa1σpi (35)
ADρa1 = −
fDfa1
fpi
m2a1 −m2ρ
2mρm2a1
fa1ρpi . (36)
Moreover, the effective Lagrangian approach to Chiral symmetry gives [26]:
ga1ρpi = 0, fa1ρpi =
1√
2fpi
, ma1 =
√
2mρ,
fa1 = fρ =
√
2fpimρ, γa1σpi =
√
2γρpipi =
√
2
mρ
fpi
.
Using the above relations, we obtain for Eqs. (35) and (36) the numerical values
GDσa1 = −
1
2
fD
fpi
m2pi −m2σ
m2D −m2σ
= 0.27fD GeV
−1 (37)
ADρa1 = −
1
4
fD
fpi
= −1.9fDGeV−1 (38)
and finally, using Eqs. (27), (32), (37) and (38), the total contributions to the sqare brackets
in the right-hand sides of Eqs. (7) and (8) become:
[
GDσ0 + GDσa1
] ≃ [1 + 0.073] 3.7fD GeV−1 , (39)
[
ADρ0 + 0.44F
Dpi
+ (m
2
ρ) +ADρa1
]
≃ − [0.09 + 1] (1.9) fDGeV−1 . (40)
For fD ≃ 230 MeV, one gets [
GDσ0 + GDρa1
] ≃ 0.91 , (41)
to be compared with 0.79± 0.15 needed [2–4] to explain the experimental branching ratio
for D+ → σπ+. Clearly, predicted branching ratios depend on the actual values of fD
(and fB) which, hopefully, will be experimentally determined in the near future [27]. With
the same values we obtain, from Eq. (40), the width Γ (D+ → ρ0π+) = 10.39 × 10−16
GeV giving the branching ratio 1.66 × 10−3 to be compared with its experimental value
(1.05± 0.31)× 10−3 [7].
If we extend the previous analysis to Ds → φπ where φ (1020) is treated as a pure s¯s
state, we obtain [〈0 |s¯γµs|φ〉 = fφǫµ]:
ADφ0 ≃
fDs
2mφ
m2φ
fφ
. (42)
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In this case the intermediate a1-exchange should be absent and, in the factorization ap-
proximation, the a2-term in Heff should not contribute. Using fφ ≃ 0.23 GeV2 from
Γ (φ→ e+e−), we would obtain
ADφ0 ≃ 2.2fDs GeV−1 ≃ 0.62. (43)
This leads to Γ (Ds → φπ) ≃ 2.8× 10−14 GeV and B (Ds → φπ) ≃ 2.1%, compatible with
the experimentally measured value 3.6±0.9% [7] and the theoretical estimate of Ref. [28].1
3 B → σπ, B → ρπ decays
The effective weak Hamiltonian is given by [9]
Heff =
GF√
2
V ∗ubVud
{
a1 (u¯b)V−A
(
d¯u
)
V−A + a2
(
d¯b
)
V−A (u¯u)V−A
}
, (44)
where the Wilson coefficients c1 and c2, fitted for B-decays, are c1 (mb) = 1.105 and
c2 (mb) = −0.228 so that a1 = c1 + 13c2 = 1.03 and a2 = c2 + 13c1 = 0.14. The factorization
ansataz gives for the decay B− → σπ− the analogue of Eqs. (21) and (22). WithmB = 5.28
GeV, mb = 4.757 GeV, md = 0.240 GeV, one obtains:
〈
σ (k) π− (q) |Heff|B− (p)
〉
=
GF√
2
V ∗ubVuda1fpi
(
m2B −m2σ
) [
GBσ0
(
m2pi
)]
, (45)
and the valence quark triangle contribution
GBσ0 = 2.67fB GeV
−1. (46)
With fB = 0.150 GeV, this gives [the a1-pole contribution is negligible because of the
factor (m2σ/m
2
B) / (1−m2σ/m2B) in Eq. (37)]:
GBσ0 = 0.4, (47)
consistent with the value found in [5].
For B → ρπ decays, using the factorization ansatz:
〈
ρ0 (k) π− (q) |Heff|B− (p)
〉
=
GF√
2
V ∗ubVud
[
a1fpi (−iqµ)
〈
ρ0 (k) |Aµ|B− (p)
〉
+ a2
(
fρ√
2
)
ǫ∗µ
〈
π− (q) |Vµ|B− (p)
〉]
1Treating the f0(980) as a pure s¯s state we would obtain from the analogous quark triangle diagram,
with ms ≈ 1.6mq, a value for B(Ds → f0pi) substantially larger than the experimental one (and the
result of [28]). To have agreement we would require a mixing angle with the nonstrange scalar-isoscalar
component of the order of 10 - 20 degrees for mq = (0.24 − 0.31) GeV. Thus, our model does not favour
the description of f0 as a pure s¯s state.
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=
GF√
2
V ∗ubVud
[
a1fpi (2mρ) ǫ
∗ · qABρ00
(
m2pi
)
+ a2
(
fρ√
2
)
(2ǫ∗ · q)FB−pi−+
(
m2ρ
)]
, (48)
〈
ρ+ (k) π− (q) |Heff| B¯0 (p)
〉
=
GF√
2
V ∗ubVuda1fpi (2mρ) ǫ
∗ · q
[
AB¯
0ρ+
0
(
m2pi
)]
, (49)
〈
ρ− (k) π+ (q) |Heff| B¯0 (p)
〉
=
GF√
2
V ∗ubVuda1fρǫ
∗µ 〈π+ (k) |Aµ| B¯0 (p)〉
=
GF√
2
V ∗ubVuda1
(√
2fpimρ
)
(2ǫ∗ · q)
[
F B¯
0pi+
+
(
m2pi
)]
. (50)
Here: Aµ = u¯γµγ5b, Vµ = u¯γµb, and
〈
π+ (k) |Vµ| B¯0 (p)
〉
= (p+ q)µ F+
(
k2
)
+ (p− q)µ F−
(
k2
)
. (51)
Noting the relations
gρ+u¯d =
√
2gρ0uu¯ =
m2ρ
fρ
=
mρ√
2fpi
,
the quark triangle diagrams give:
AB¯
0ρ+
0 =
√
2AB
−ρ0
0 =
√
2
4
fB
fpi
=
√
2 (0.25)
fB
fpi
. (52)
The form factor F B¯
0pi
+ introduced in Eq. (51) has been found to be about 0.30 [23, 18],
so that, with fB = 0.150 GeV [notice that, here, F
Bpi
+ (m
2
ρ) ≃ FBpi+ (0) to a very good
approximation as m2ρ/m
2
B corrections are negligible]:
F B¯
0pi+
+ (0) = F
B−pi−
+ (0) ≃ 0.26
fB
fpi
. (53)
Now, the a−1 -pole contributes to B
− → ρ0π− and, in vacuum saturation, negligibly to
B¯0 → ρ±π∓, the latter contribution being controlled by the small a2 coefficient. This can
enhance the branching ratio for B− → ρ0π− and, as such, provide a mechanism (in addition
to the σ-contribution to B− → ρ0π− decay [5]) to lower the ratio R. The additional,
intermediate a1-contribution to be included in the square brackets on the right-hand sides
of Eqs. (48)-(50), see Eq. (38), is given by
AB−ρ0a1 = (0.25)
fB
fpi
. (54)
One can note the change of sign since the a−1 → ρ0π− coupling has sign opposite to
a+1 → ρ0π+, and similar is the case for the relative signs of a01 → ρ+π− and a01 → ρ−π+.
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Thus, on using Eqs. (48)-(54), and the suppression factor Fρ(0) ≃ 0.8 to take care of the off-
mass-shellness of the ρ-meson in Eq. (52), one finds [we also include the small contribution
controlled by a2/a1 ≃ 0.13 of the a1 meson to the ρ±π∓ modes]:
R =
(√
2
)2 [0.20 + 0.25 · 0.13/√2]2 + [0.26− 0.25 · 0.13/√2]2
[0.20 + 0.26 · 0.13 + 0.25]2 ≈ 0.91 , (55)
in the lower range, but still consistent with the interval allowed by the experimental deter-
mination. Note that this ratio is almost independent of the value of fB/fpi, and that the
effect of the a2-term of Eq. (44) is almost negligible.
2 The individual branching ratio is
B (B− → ρ0π−) = 1.99 |Vub|2 = (2.43± 2.08)× 10−5
for |Vub| = (3.5± 1.5)× 10−3, that is compatible, within the uncertainty, with the experi-
mental upper limit B < (1.0± 0.4)× 10−5 [7].
4 Conclusions
Our analysis of the decays D+ → σπ+, D+ → ρ0π+, B− → σπ−, B− → ρ0π− and B¯0 →
ρ±π∓show that the valence quark “triangle” graph, supplemented by the long distance
a1-exchange, is in reasonable agreement with the available branching ratios, in particular
with D+ → ρ0π+ and that of D+ → σπ+ recently measured. The contribution from the
a1-pole has also been found important. In particular, the inclusion of this contribution
gives the ratio
R = B
(
B¯0 → ρ±π∓)
B (B¯− → ρ0π−) ≈ 0.9,
consistent with the experimental values within the large experimental uncertainities. More
accurate determinations of this ratio would provide a stringent test of the model presented
here.
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Figure 2: a1-pole contribution to D
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